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1. Introduction
The relatively easy production of polymer nano -
fibers by electrospinning has been the subject of
many application-oriented investigations over the
past few years. Most of these studies address the pos-
sibility of using such nanofibers in filtering, biomed-
ical, sensor and clothing applications [1–4]. Because
of their high surface-area-to-volume ratio, the nano -
fibrous materials could also be efficient reinforcing
materials in polymer matrix composites. In these
systems, the nanofibers can even act as the primary
reinforcement (the nanofibers are the only reinforc-
ing materials) as well as co-reinforcement (in addi-
tion to microfibers) [5]. From a mechanical proper-
ties point of view, the main problem associated with
common fiber-reinforced polymer composite lami-
nates is their weak interlaminar properties. Due to a
geometry that is not absolutely planar, much free
space occurs between layers of the reinforcing struc-
tures, which are filled up by the matrix material
during impregnation. Thus, between the layers, the
properties are determined mainly by the matrix and
voids. The loads induced by shear- or out-of-plane
stresses must be borne by this relatively weak matrix,
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and therefore, damage such as delamination, buck-
ling and peeling can occur [6, 7]. It should also be
noted that the physical properties of the matrix can
also be affected by the change in several environ-
mental factors such as temperature or humidity [8]
that can result in the further decrement of interlam-
inar properties.
There are several technologies that have been devel-
oped to enhance the interlaminar shear strength of
polymer composites, such as physical blending, the
placement of special thin films [9–11] and the incor-
poration of carbon nanotubes (CNTs), alumina or sil-
ica particles between laminate layers [12–14]. How-
ever, these techniques often modify the geometry
and increase the weight of laminates. In such cases,
improving the interlaminar properties can lead to a
decrease of in-plane properties. Stitching [15], z-fiber
pinning and other methods [16] can be applied to
clench the layers, but these procedures can cause
fiber breaks in the primary reinforcement that can
also lead to a decrease in in-plane properties and
generate additional production costs.
Using nanofibrous layers can be a feasible way to
enhance interlaminar properties without compro-
mising other mechanical properties. Nanofibers can
be applied in small amounts, and because they are
very flexible, they can take the shape of the microfi-
brous reinforcement that is applied, locally exerting
their effects in matrix-rich areas. Furthermore,
because nanofibrous layers are porous, they can be
easily soaked in resin; therefore, they do not affect
the geometry or the fiber content of composites sig-
nificantly. The main benefit of using nanofibers in
conventional composites is that the load transfer
between the strengthening layers becomes more effi-
cient, thus making the matrix between the layers
tougher [17].
Interlaminar toughening using small-diameter
fibers was first applied at the beginning of 2000s by
Dzenis and Reneker [18], who produced graphite/
epoxy unidirectional pre-pregs with poly(benzimi-
dazole) electrospun fibers. The authors measured
15 and 130% improvements in the Mode I and II
critical energy release rates, respectively.
Zhang et al. [19] investigated the effect of the thick-
ness of nanofibrous interleaves and the nanofiber
diameters in composites, concluding that finer nano -
fibers resulted in better improvements in interlami-
nar properties without altering the in-plane perform-
ance of toughened composites.
Chen et al. [20] used electrospun carbon nanofiber
mats to modify the interlaminar properties of conven-
tional carbon fiber fabric-reinforced epoxy compos-
ites. It was demonstrated that the nanofibrous car-
bon interleaves could effectively improve the inter-
laminar and flexural properties of the composites. A
significant enhancement in the in-plane and out-of-
plane electrical conductivity was observed as well.
In another study, Chen et al. [21] achieved superior
mechanical properties. The main difference com-
pared to the previous composite was that the nano -
fibers were collected on the surface of the microfi-
brous fabrics.
Nanofiber mats can be placed between laminate
layers manually or can be deposited by directly spin-
ning them onto the surface of the reinforcement [22,
23]. One of the most efficient technologies for cov-
ering a surface with nanofibers is a needleless tech-
nology called Nanospider™. This process is based
on using an electric field to simultaneously induce
numerous polymeric jets from a sufficiently large
liquid surface carried on a roller wading in a bath of
polymer solution [24].
The positive effects of the interlaminar incorpora-
tion of nanofibers have been proved mainly by static
mechanical tests; however, the impact properties
have not been as widely investigated [19, 23, 25].
The aim of this study was to investigate the inter-
laminar behavior of carbon fiber-reinforced epoxy
matrix composite laminates toughened by electro-
spun nanofibers. Both unidirectional (UD) and woven
carbon fabrics were covered directly by nanofibers
and then laminated. The toughening effect was inves-
tigated by static mechanical and impact tests and
scanning electron microscopy.
2. Materials and specimen preparation
For the production of nanofibers, polyacrylonitrile
(PAN) copolymer was chosen because of its ductil-
ity and good adhesion to epoxy resin, which is a typ-
ical matrix material for high-performance carbon
fiber-reinforced composites [26, 27]. The PAN sup-
plied by a carbon fiber manufacturer was dissolved
in dimethylformamide (DMF, Molar Chemicals,
Hungary) with the aid of a magnetic mixer at 50°C
for 6 hours in a beaker. The optimal concentration
of the solution for electrospinning was determined
to be 11 wt% based on our previous experiments [28].
The applied electrospinning setup is shown in Fig-
ure 1. Between the rotary spinneret electrode (Fig-
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ure 1. (1)) and the grounded plate electrode (Figure 1.
(2)), a moving textile collector was placed (Fig-
ure 1. (7)). The distance between the collector and
the spinneret was set to 130 mm, and the traction
speed of the collector was set to 100 mm/min by
adjusting the rotation speed of the rollers (Figure 1.
(6)). The applied voltage was 70 kV (direct current).
Electrospinning was carried out in an air-condi-
tioned chamber, where the temperature and relative
humidity were set to 20°C and 20%, respectively. A
low relative humidity level was set because the
formed PAN fibers are very hygroscopic and the
moisture in the PAN solution leads to early precipi-
tation and beard formation.
As the primary reinforcement, the unidirectional car-
bon fabric Panex35 (PX35FBUD300, Zoltek Zrt.,
Hungary), with an areal density of 333 g/m2, was
selected. In this fabric, the linear density of yarns is
3700 tex and the thread count is 2/cm. The other
material selected was Sigratex KDL 8003 (SGL Tech-
nologies GmbH, Germany), a plain weave carbon
fabric with an areal density of 200 g/m2. In this fab-
ric, the linear density of yarns is 200 tex and the
thread count is 5/cm in both the weft and warp direc-
tions.
In this work, different carbon fiber reinforcements
were coated directly with nanofibers, indicating
that the moving textile collector between the rollers
(Figure 1. (6)) was the chosen microfibrous reinforc-
ing fabrics themselves; therefore, nanofibers were
produced exactly on the surface of the fabrics. The
carbon fabrics were cut into 40 cm-wide strips,
attached to the rollers and then coated with nano -
fibers.
Figure 2 shows the unidirectional carbon fabrics
before (Figure 2a) and after electrospinning (Fig-
ure 2b) with a thin white layer of nanofibers.
After the coating process, the carbon fabrics were
detached from the rollers and composite preparation
procedure was implemented. As the matrix material,
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Figure 1. Electrospinning setup used to collect nanofibers on the surface of reinforcing materials. 1: rotary electrode,
2: grounded plate electrode, 3: high-voltage power supply, 4: polymer solution, 5: fiber formation space,
6: rollers, 7: moving belt collector, 8: air inlet, 9: air outlet, 10: chamber.
Figure 2. A sample of unidirectional carbon fabric before (a) and after (b) electrospinning
FM20-type (P+M Polimerkemia Kft., Hungary)
epoxy resin was used, with a T16-type curing agent
from the same company. The mass ratio of the com-
ponents was 100:20 (epoxy:curing agent).
The specimens used for the investigations were pro-
duced by the wet hand layup method in a one-sided,
polished sheet mold. After impregnation, vacuum
pressing in a bag was applied to achieve a higher
fiber content and to remove air bubbles. The pressure
was set to 0.1 bar and held for 6 hours at 25°C. Post-
curing was carried out at 60°C for 4 hours under the
same pressure. The same number of reference
coupons (without nanofibers) was also produced. To
best compare the samples, all samples were pre-
pared together at the same time and under the same
curing and heat treatments.
Table 1 summarizes the characterization methods,
sample sizes and measurement parameters. Five
nanofiber-covered UD layers with one top (non-
coated) UD layer [0N2/0] were laminated for inter-
laminar shear strength (ILSS) and Charpy measure-
ments. For three-point bending (3PB) testing, three
layers with two interleaves [0N2/0] were used. In the
case of the woven reinforcement, four layers of the
woven fabric composite (fiber direction: 0 and 90°)
were laminated with three nanofibrous interleaves
[0FN3/0F] for the same measurements, which were
supplemented by instrumented falling dart impact
tests.
3. Mechanical and morphological
characterizations
The composite samples had a thickness of approxi-
mately 2.8 mm in the case of the six-ply UD rein-
forcement, 1.4 mm for the three-ply UD reinforce-
ment and 1 mm in the case of the woven fabric com-
posite. The exact thickness values were evaluated
from the measured fiber contents and the densities
of the materials. A piece of weighed composite was
placed in a ceramic crucible with a known mass.
The crucible was heated to 600°C in a Nabertherm
(Germany) oven and held at this temperature for an
hour. From the residual ash mass, the carbon fiber
content could be calculated for three individual spec-
imens per sample.
The ILSS and 3PB tests were carried out on a Zwick
Z005 (Germany) universal testing machine for seven
specimens per sample type. The ILSS was deter-
mined by applying a tensile load instead of a com-
pressive load to prevent the samples from buckling.
Charpy-impact measurements were carried out on
Ceast Resil Impactor Junior (Italy) impact tester
equipped with a DAS 8000 data collector. The impact
speed was 2.9 m/s, and the pendulum carried an
energy of 2 J. In Charpy Ep (edge, parallel) tests,
specimens are hit along the edge parallel to the piles
of fibers, whereas in Charpy Fn (face, normal) tests,
specimens are hit along the face normal to the direc-
tion of fibers. Seven specimens for each kind of
sample and direction were investigated.
For the instrumented falling weight impact tests
(I-FWIT), specimens were cut from the woven car-
bon fabric-reinforced laminates in the direction of
the fiber orientations (the UD-reinforced compos-
ites were not suitable for this test). The measure-
ments were carried out using a Ceast Fractovis
(Italy) impact tester equipped with a DAS 8000 data
collector to conduct seven measurements per sam-
ple type. The diameter of the dart was 20 mm, the
diameter of the clamping unit was 40 mm, the falling
mass was 23.62 kg, the impact speed was 4.4 m/s and
the temperature was 23°C. The tip of the dart was
lubricated with silicone oil to reduce the friction
between the specimen and the dart. Subcritical
impact tests of the specimens were carried out with
a 3.62 kg falling mass carrying 0.6 J energy using the
same equipment; during the measurement, the defor-
mation and adsorbed energy were monitored. After
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Table 1. Applied samples, measurement parameters and standards used for mechanical tests. UD: unidirectional, W: woven
(fabric)
Sample size
[mm!mm]
Layers of primary
reinforcement
Gauge/span length
[mm]
Test/impact speed
[variable] Standard
ILSS 76.2"12.8 6-ply UD 25/6.35 1.3 mm/min ASTM D3846-94
ILSS 76.2"12.8 4-ply W 25/6.35 1.3 mm/min ASTM D3846-94
3PB 70"15 3-ply UD 56 5 mm/min ISO 14125:1998
3PB 50"15 4-ply W 40 5 mm/min ISO 14125:1998
Charpy 70"10 6-ply UD 56 2.9 m/s ISO 179-2:2000
Charpy 25"10 4-ply W 20 2.9 m/s ISO 179-2:2000
I-FWIT 70"70 4-ply W ø20 4.4 m/s ISO 6603-2
the test, the residual deformation was zero; there-
fore, no fiber break occurred, but the matrix was
damaged.
The morphology of the fracture surfaces was stud-
ied using a JEOL 6380 LA (Japan) SEM after sput-
tering the samples with Au/Pd alloy.
4. Results and discussion
The thickness of the electrospun layer was meas-
ured by SEM before impregnation and determined
to be 27±5 #m. The areal density of the electrospun
coating was measured to be 1 g/m2. On the one hand,
thicker interleaves may improve the quality of
toughening [19]; on the other hand, they can signif-
icantly alter the cross-section of composites, there-
fore reducing their in-plane strength. The diameters
of 250 nanofibers were determined based on the
SEM images using the UTHSCSA Image Tool 3.0
software program. The average nanofiber diameter
was determined to be 195±46 nm.
4.1. Fiber content
The results of carbon fiber content measurements,
quasi-static ILSS and flexural tests for different
types of composite samples are summarized in
Table 2.
The carbon fiber content was approximately 50 wt%
(approx. 38 V%) for each composite, which corre-
sponds to the expected content. The type of rein-
forcing structure (UD or woven) and the presence
of nanofibers (representing only 0.1 and 0.2 V% in
the case of UD and woven reinforced composites,
respectively) did not affect the fiber content; there-
fore, the results of the mechanical tests are compa-
rable. The standard deviation of the carbon fiber
weight is greater than the total weight of the nano -
fibers within the specimens; thus, the presence of
nanofibers, in terms of the weight and size of the
composites, was non-significant. It can also be con-
cluded that the presence of the nanofibers did not
change the quality of the impregnation.
4.2. Interlaminar shear strength
The interlaminar shear strength of the composites was
observed to increase when nanofibers were used.
The strengths of the unidirectional and woven fab-
ric-reinforced composites were enhanced by 11 and
7%, respectively. It should be noted that the changes
in the standard deviations were even more notable.
The standard deviations decreased by 73 and 56%,
respectively, which indicates that nanofibers made
the failure process more uniform, which can be
explained by the fact that the nanofibers could distrib-
ute the stress in-plane. Figure 3 shows SEM images
of the fracture surfaces after the ILSS tests.
The images reveal that nanofibers could toughen
the matrix. In the case of the reference materials, sep-
aration of the matrix and the carbon fibers (Fig-
ure 3a; 3d) occurred. The fracture surfaces appear
rigid, and the fragmentation of the matrix into numer-
ous pieces with sharp edges and no plastic deforma-
tion can be observed. In the case of the nanofibrous
reinforcement (Figure 3b; 3e), the matrix partly
remained on the surface of the primary reinforce-
ment. The images suggest that after the fabrication of
the composite, the nanofibers remained uniformly
distributed between the reinforcing layers. Fracture
occurred within the matrix, and the fracture surface
became more structured than it was in the reference
material in both cases. Overall, the nanofiber-con-
taining matrix could distribute more stress and
transmit the load toward the carbon fibers, thus
changing the type of delamination that occurred and
resulting in higher shear strength with a lower stan-
dard deviation, respectively.
The connection between the nanofibers and the
matrix material was investigated at higher magnifi-
cation (Figure 3c; 3f). In the case of the UD-rein-
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Table 2. Interlaminar shear strength and flexural properties of composites with and without nanofibrous interleaves
(UD CFRP: unidirectional carbon fiber-reinforced polymer; UD CFNRP: unidirectional carbon fiber and nano -
fiber-reinforced polymer; W CFRP: woven carbon fiber-reinforced polymer; W CFNRP: woven carbon fiber- and
nanofiber-reinforced polymer)
UD CFRP UD CFNRP W CFRP W CFNRP
Carbon fiber content [wt%] 50.5±2.1 50.4±0.5 51.7±0.8 50.7±2.5
ILSS [MPa] 11.4±1.9 12.7±0.5 13.3±1.5 14.3±0.7
Change in ILSS [%] +11% +7%
Flexural strength [MPa] 778±86 945±61 610±23 534±65
Change in flexural strength [%] +21% –12%
Flexural modulus [GPa] 54.3±9.6 83.6±3.9 44.2±5.2 49.8±6.1
Change in flexural modulus [%] +54% +13%
forced composite, broken nanofibers were observed,
and there were some nanofibers that were still
bonded to the matrix material and could stop crack
propagation. Therefore, the nanofibers actively par-
ticipated in load distribution, and plastic deforma-
tion could occur. In the case of the woven fabric-
reinforced composites, the nanofibers debonded
from the matrix and did not break. Because the sur-
face was quite structured, a partial load distribution
effect occurred, but in this case, the load distribu-
tion was less effective than in the case of the UD
reinforcement. Because the preparation methods
and the applied matrix were the same, the differ-
ences observed were caused by the structure of the
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Figure 3. SEM images of the fracture surfaces of ILSS specimens. a) UD CFRP ("1000); b) UD CFNRP ("1000);
c) UD CFNRP ("5000); d) W CFRP ("1000); e) W CFNRP ("1000); f) W CFNRP ("5000); W: woven reinforce-
ment, UD: unidirectional fabric reinforcement
composites. In the ILSS measurement, theoreti-
cally, there is pure shear stress between the layers of
composites. In practice, however, the stress state
also depends on the type of load transfer surface
exhibited by composites. In the case of the UD rein-
forcement, the surface was approximately flat, but
that of the woven fabric was wavy and uneven due
to the shape of the weft and warp yarns entwining
one another, leading to a more complex geometry
and stress state between layers. These differences
also manifested themselves in the smaller increase
in the ILSS values.
4.3. Flexural behavior
The flexural properties of the composites varied
more significantly (Table 2). At low deformation,
the effect of the nanofibers was outstanding: the
modulus increased by 54 and 13% in the UD and
woven fabric reinforcements, respectively, which can
be explained by the fact that in the nanofiber-tough-
ened composites, the nanofibers could transfer the
load toward the carbon fibers; thus, the utilization of
carbon fibers was enhanced. However, the UD com-
posites showed an increase in flexural strength when
nanofibers were also applied, but this increase was
not as high as that for the modulus. In the woven fab-
ric reinforcement, the presence of nanofibers reduced
the flexural strength values. To explain this behav-
ior, the failure process must be examined. Typical
failure curves are shown in Figure 4. Without nano -
fibers, the damage process of the specimens was
rapid; when nanofibers were applied, failure gradu-
ally occurred. In the latter case, the layers broke
independently one after the other. This phenomenon
was confirmed by visual and acoustic observations
of the damage process.
Figure 5a shows how the nanofibrous layer affected
crack propagation. As cracks reached the nanofi-
brous part of the composite, the number of fracture
trails increased and the surface became more struc-
tured, indicating an increase in toughness.
In Figure 5b, the arrow shown points to a nanofiber.
The good adhesion of the nanofiber and matrix is
indicated by their good physical contact after the
composite was broken. The fracture around the nano -
fiber shows that the load was absorbed by the nano -
fiber and distributed throughout the matrix (crack
propagation was blocked).
4.4. Charpy impact test
The results of the impact tests are shown in Table 3.
By incorporating nanofibers, the initiation energy
and the energy to maximum force increased in all
cases. It can be concluded that in the Charpy Ep tests,
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Figure 4. Typical flexural curves of the prepared compos-
ites
Figure 5. SEM images of the fracture surfaces of nanofiber-toughened flexural specimens after three-point bending tests.
a) woven reinforced sample with a thin layer of nanofibers, b) adhesion between a nanofiber and matrix.
the presence of nanofibers resulted in a major
improvement in the initiation energy relative to that
observed in the Charpy Fn tests for both the UD-
and woven fabric-reinforced composites. The most
significant increase was observed for the woven
fabric-reinforced composite (W CFNRP) in the
Charpy Ep impact test. As the composite was hit
parallel to the plane of the reinforcing layers and the
toughening interleaves, at the moment of impact, the
entire area of the interleaves immediately became
involved in bearing the applied load and nanofibers
exerted their effects throughout the entire shear
plane. In addition to being able to adsorb the impact
energy via plastic deformation, these nanofibrous
layers could transfer the load toward the adjacent
carbon fiber layers. In the quasi-static ILSS tests of
the woven reinforced composites, waviness of the
interacting surfaces led to a moderate increase in
ILSS. In this case, when the load transfer was instan-
taneous, the more complex geometry and larger area
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Table 3. Summary of Charpy test and I-FWIT results. Fn: face of the specimen is hit normal direction to the direction of
fibers. Ep: edge of the specimen is hit parallel to the fiber reinforcement plies.
UD CFRP UD CFNRP Change W CFRP W CFNRP Change
Charpy Fn Initiation energy [kJ/mm2] 65.7±4.6 68.2±5.9 +4% 116±25 133±24 +14%
Charpy Fn Total break energy [kJ/mm2] 80.5±9.9 90.8±4.9 +13% 130±15 149±23 +15%
Charpy Ep Initiation energy [kJ/mm2] 24.1±3.1 35.5±10.5 +47% 37.7±20.1 153±40.6 +306%
I-FWIT Total break energy [kJ/mm2] 115±11.6 148±16.8 +29% 158±37.0 227±59.5 +44%
I-FWIT Energy to maximum force [J/mm] N/A N/A N/A 1.540±0.320 2.520±1.040 +64%
I-FWIT Total break energy [J/mm] N/A N/A N/A 8.590±0.190 8.07±0.58 –6%
I-FWIT Absorbed energy at subcriticalimpact [J/mm] N/A N/A N/A 0.267±0.033 0.349±0.036 +31%
Figure 6. SEM images of surface fractures of Charpy Fn impact specimens. a) UD CFRP; b) UD CFNRP; c) W CFRP;
d) W CFNRP; W: woven reinforcement, UD: unidirectional fabric reinforcement.
of the interacting surfaces resulted in an improved
load-bearing ability. On the other hand, in the
Charpy Fn test and I-FWIT, only the surfaces near
the impact zone were involved in load transfer, and
in this case, the stress field was continuously formed
and changed during the damage process both in
time and space.
Figure 6 shows SEM images of the fracture sur-
faces of the Charpy Fn impact specimens. In the
nanofiber-reinforced samples (Figure 6b; 6d), nano -
fibers were present on the fracture surfaces and
microfiber breakage could also be observed. Nano -
fiber layers with broken nanofibers can clearly be
observed in the figures as distinct zones: to the left
of the center of Figure 6b and at the center of Fig-
ure 6d. In the nanofiber-containing region, which is
approximately 20 #m wide, broken nanofibers and
a tough damage surface indicate good adhesion
between the matrix and nanofibers. In the reference
sample (Figure 6c), the matrix was separated from
the fibers in small pieces, forming a rough interlam-
inar fracture surface. SEM images confirm that nano -
fibers played an important role in the damage process
because they effectively blocked crack propagation.
4.5. Instrumented falling weight impact test
The total absorbed energy showed a moderate
increase, except in the I-FWIT measurements
(Table 3), in which a slight decrease was observed.
In the I-FWIT, the energy to maximum force signif-
icantly increased by more than 60% and the adsorbed
energy at subcritical impact improved by more than
30%, demonstrating the increased resistance of the
nanofiber-toughened composites against dynamic
stress. Overall, the results of the I-FWITs showed
that if there were nanofibers in the composites, then
they could stop the crack propagation process,
allowing for a higher energy to maximum force.
Because nanofibers are able to distribute the applied
load, the nanocomposite layers may act as energy
storage materials. After the breaking of these layers,
the stored energy is released and the composite
itself breaks more rapidly than the reference mate-
rial. Thus, despite a higher energy to maximum force,
the total absorbed energy decreases only slightly.
This speculation corresponds well with the results
of the three-point bending tests.
5. Conclusions
The toughening effect of nanofibrous interlayers in
carbon fiber-reinforced structures was proven. Ben-
eficial changes occurred not only in the static but
also in the impact behavior of the composites.
Under static loads, the positive effects were more
significant in the UD-reinforced composites, for
which the interlaminar shear strength increased by
11% and the flexural strength and modulus by 21
and 54%, respectively. This improvement was
explained by the presence of nanofibers that could
transfer the applied load toward the carbon fibers.
The greatest improvements were observed in the
Charpy Ep test results of the woven reinforced
composites, in which the initiation energy increased
three-fold. Falling dart impact tests revealed that
the energy to maximum force increased by 64% in
this material. These outstanding improvements are
explained by the energy-absorption behavior of the
nanofibrous composite layer.
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